This paper has implemented nonlinear control strategy for the single tilt tri-rotor aerial robot. Based on Newton-Euler's laws, the linear and nonlinear mathematical models of tri-rotor UAVs are obtained. A numerical analysis using Newton-Raphson method is chosen for finding hovering equilibrium point. Back-stepping nonlinear controller design is based on constructing Lyapunov candidate function for closed-loop system. By imitating the linguistic logic of human thought, fuzzy logic controllers (FLCs) are designed based on control rules and membership functions, which are much less rigid than the calculations computers generally perform. Effectiveness of the controllers design scheme is shown through nonlinear simulation model on each channel.
Introduction
The UAVs (Unmanned Aerial Vehicles)-which are defined by the U.S. Ministry of Defense as flying vehicles without pilots-have seen exponential growth in military surveillance, civilian information search, and rescue operations during the last decade. The development of UAVs requires a variety branch of knowledge including aeronautics, automatic control, computer science, signal processing, and sensors. One of current trends is to design the small flying machines capable of hovering maneuvers as well as forward flight. Though some dedicated efforts to improve the traditional helicopter structure frame, there are some new aerodynamical configurations that introduce important features [1] [2] [3] [4] [5] [6] [7] [8] . VTOL (vertical takeoff and landing) UAV generally has shapes like helicopter or quadrotor. However, quadrotor UAV has more blades and more motors than general helicopter. So it is more dangerous, and its energy efficiency is low. This paper presents a novel tri-rotor UAV system equipped with a single tilt servomotor on the tail part of the tri-rotor UAV to delete the inverse torque and enhance controllability of yaw moment. The other two fronts of rotors rotate in opposite directions, which created reaction torque almost zero. The proposed frame design is equidistant from gravity centre to stabilize itself automatically at any desired hovering tasks, which are calculated by NewtonRaphson method [9] . We have also proposed the backstepping control strategy which stabilizes via Lyapunov global stability theorem. Hence, the whole system is stable and controllable. Fuzzy logic, which makes it easier to mechanize tasks, has the advantage of a solution to the problem that human operators can understand; thus their experience can be used to design the controller.
Dynamic Modeling of the Tri-Rotor UAV

Single Tilt Tri-Rotor Model.
The Newton-Euler formulation is used to develop the model of the tri-rotor. In Figure 1 , which is derived from [6] , the vehicle is described using a right hand generalized earth coordinate system of axes and a right hand body frame. Positive -axis points towards the front rotors (rotors 1 and 2), positive -axis points towards right (rotor 2), and positive -axis is directed downwards. Positive sense of the three angular variables Roll ( ), Pitch ( ), and Yaw ( ) is decided by a right handed rotation about positive , , and axes, respectively. The tilt angle is measured by -coordinate axis.
The dynamic modeling suggested of triple tilting rotor UAV is introduced based on Newton-Euler mathematical formulation, which has six degrees of freedom (DOF) and four inputs: three speeds of rotorcraft and one tilt angle. Following the conventional helicopter control commands, tri-rotor UAVs have similar commands, which are collective, lateral, longitudinal, and yaw or pedal [4, 10] . They are indicated as col, lat (Roll control), lon (Pitch control), and ped (Yaw control). Since two front rotors are operated in different speeds, they generate the Roll ( ) control, for example, when speed of rotor 1 is up and that of rotor 2 down, and make the UAV toward the right and vice versa. The Pitch ( ) control is created as the third tail rotor changes velocity. The achievement Yaw ( ) control occurs by varying the tilt angle .
The nonlinear equations of motion of conventional UAVs, which have 6 DOFs, are also used for tri-rotor UAVs. The designed model is free to rotate and translate in 3D space, and the rigid body dynamics are derived by Newton's laws [10, 11] .
The equations are expressed as follows (see also Table 1 ). Force equations:
Moment equations: 
, ,
The external forces , ,
The external moments
The translational velocities ( , , )
The rotational velocities (angular velocities) ( , , )
The rotational angles (Roll, Pitch, Yaw) ( , , )
The rotational inertias Kinematic equations:
Rotation equations:
Hovering Flying Mode.
Because of the significant balance of tri-rotor UAVs robot in the very beginning, the equilibrium point of hovering state must be figured out. The linearization model is chosen for this duty. Newton-Raphson method, which has the advantage such as converges very fast to root (quadratic convergence), if it converges, it requires only one reliable guess, is the good choice to compute the trim point of system. Its calculus procedure is that if was our last guess and neither ( ) nor ( ) is zero, then the next approximation derivation will be
The four motion equations below are applied by NewtonRaphson method to find out the trim point of tri-rotor UAVs system:
where Ω 1 , Ω 2 , and Ω 3 are the rotor speeds of three rotorcrafts, respectively, is tail tilt angle, is thrust factor, and is drag factor. The thrust = Ω 2 and torque = Ω 2 are supposed to be constant; that is, these coefficients , are not changed. It means that the system is asymptotically stable. Thus, an LQR controller gain is applied to guarantee and maintain the system stability, in both linear and nonlinear models.
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LQR Control Gain.
For the most important thing is to keep hovering mode all the operation time. The system must be asymptotically stable. A system is stabilizable if there exists a state feedback control ( ) = − ( ) such that the closedloop system is exponentially stable. Next, the Riccati equation is solved for the feedback gain matrix :
, then the closed-loop system is asymptotically stable. Thus, the LQR controller gain is applied to guarantee and maintain the system stability, in both linear and nonlinear models (see Figures 2 and 3 ).
Back-Stepping Control
Design. The tri-rotor aerial robot is a lofty nonlinear, multivariable, strongly coupled, and underactuated subsystem. Since the research environment is indoor or low-wind outdoor, in order to achieve flight attitude control of system, back-stepping nonlinear control method is proposed.
The back-stepping controller design usually starts with a "virtual control" input for stabilizing a small subsystem based on Lyapunov stability theorem [5, 8, 12, 13] . In order to control various flying attitudes of nonlinear model, the presented controller is applying for the following channels: Roll angle (− /2 < < /2), Pitch angle (− /2 < < /2), and Yaw (− < < ). In each rotational control, we deal with an easier single-input, single-output (SISO) design problem; each step provides a reference for the next design step. Thus, step by step, a control input for the overall system, which satisfies the Lyapunov candidate function, is designed.
In case of the Roll [ -] channel, for example, the objective of virtual input design is to make the actual state tracking error is defined as 1 = − . Assume V 1 =̇1 is the virtual input for controlling the subsystem state. The chosen Lyapunov candidate function is 1 = (1/2) 1 1 > 0. Let the virtual input V 1 =̇− 1 1 , where 1 > 0 and a regulatable parameter. This makes the subsystem stable since the Lyapunov stability is observed aṡ1 = − 1 1 1 < 0.
Secondly, we will find the stabilizing control law for the whole system while 1 converges to . Let the error 2 be between V 1 and 2 ; that is, 2 = 2 − V 1 . Choose the Lyapunov candidate function for the whole system to be = (1/2) 1 1 + (1/2) 2 2 > 0.
Then, from (4), the control input will become
, where 2 is a positive tuning parameter. This makes the Roll channel stable and controllable since the Lyapunov stability is observed aṡ= − 1 1 1 − 2 2 2 < 0.
The Pitch channel [ -] with control input 3 and Yaw channel [ -] with control input 4 are similarly taken as Roll channel. Hence, the whole system is controlled by Lyapunov candidate function presented on back-stepping method.
Fuzzy Logic Controllers (FLC)
Design. The dynamic behavior of FLC is characterized by a set of linguistic rules based on expert knowledge [14] [15] [16] [17] [18] . The error ( ) and change-in-error or error rate ( )/ are the input variables; is the output variable. Fuzzy relations between , , and are formed. Then can be changed on line according to the rules, current error, and error rate. Figure 4 shows the input/output of fuzzification interface. Generally, the control output increases in company with the error of angle. Additionally, the controller also judges whether the error increases or decreases and the value of the error difference. It is significant in small error phase that the reversed control output is necessary to ease up the error change when the error decreases sharply.
The linguistics of seven fuzzy triangular membership functions assigned for input and output variables are Negative Big (NB), Negative Medium (NM), Negative Small (NS), Zero (Z), Positive Small (PS), Positive Medium (PM), and Positive Big (PB). The rule for fuzzy controller is shown in Table 2 .
Simulations
The simulation parameters were derived from [6] . However, the tilt angle should be in minus (−) sign of initial condition in order to maintain the system stability. The simulations Table 3 ). Figure 5 shows comparison between fuzzy logic controllers and backstepping controllers for each channel, adding disturbance at fifth second.
Conclusions
This paper has implemented nonlinear control strategies for the single tilt triple rotor aerial robot. Based on NewtonEuler's laws, the linear and nonlinear mathematical models of tri-rotor UAVs are obtained. Hovering flying mode is achieved by Newton-Raphson numerical analysis method and also controlled by LQR gain. Back-stepping nonlinear controller design is based on constructing Lyapunov candidate function for closed-loop system and has shown the worth results. Furthermore, fuzzy logic controllers have been designed with the human linguistic logic display the even better performance. Effectiveness of the controllers design scheme for UAV tilt tri-rotor is achieved through nonlinear model on each pilot channel.
